Abstract. There is a strong negative correlation between NDV! and irradiance of residential, agricultural, and vacant/transitional land cover types, indicating that the irradiance of a land cover type is greatly influenced by the amount of vegetation present. The predominance of forests, agricultural, and residential uses associated with varying degrees of tree cover showed great contrasts with commercial and services land cover types in the centre of the city, and favours the development of urban heat islands. The high-resolution thermal infrared images match the complexity of the urban environment, and are capable of characterizing accurately the urban land cover types for the spatial modeling of the urban heat island effect using a GIS approach.
Introduction
The main objective of this research is to apply airborne high-resolution thermal infrared imagery to study the phenomenon of the urban heat island, using Huntsville, impact on the thermal behaviour of the urban environment (Goward 1981 ) . In other words, apart from the properties of urban construction materials, the layout of buildings and pavements within an urban landscape can also affect the appearance of the urban heat island (Oke 1987) .
Research on the trends of surface temperatures at rapidly growing urban sites in the U.S.A. during the last 30 to 50 years suggests that significant urban heat island effects have caused the temperatures at these sites to rise by 1 to 2°C (Cayan and   Douglas 1984 , Karl et al. 1988 . Urban heat islands have caused changes in urban precipitation and temperature that are at least similar to, if not greater than, those predicted to develop over the next 100 years by global change models (Changnon 1992).
Satellite remote sensing, particularly NOAA AVHRR data, has been used in the study of urban heat islands (e.g., Lee 1993 , Matson et al. 1978 , Brest 1987 , Gailo et al. 1993 , Roth et al. 1989 ). Because of the low spatial resolution (1-1 km at nadir) of the AVHRR data, these studies can only examine and map the phenomenon at the macro-level.
As Roth et al. (1989) This research utilized 5 m thermal infrared data acquired specially from an aircraft to characterize more accurately the thermal responses of different land cover types in the urban environment as input to urban heat island detection. Despite some glitches in channels 7, 8, and 9 (the mid-infrared channels) and some smears in channel 3, the overall quality of these digital data, particularly the thermal infrared data of channels 10 to 15, was judged to be very good. The CIR photography is excellent in quality, and, because of its superior spatial resolution, provides 'ground truth' information against which the digital image data can be checked.
Data acquisition and processing
For this particular research, the focus has been on the six thermal infrared bands (channels 10 to 15, in the spectral range from 8-20#m to 12"2/_m; et al. 1986 , Luvall et al. 1990 , Anderson 1992 .
In this paper, to provide a better appreciation of the thermal characteristics of the land cover type, radiance is converted into irradiance, or radiant flux density incident on a surface in Wm -z (Monteith 1973). The use of energy values avoids the need for emissivity correction for land cover in the case where temperature values are used. This research will make use of the high-resolution 5 m ATLAS data only because the complexity of human activities in the urban environment requires the highest possible spatial resolution for an accurate characterization of the urban land cover's thermal responses.
In the next phase of the research, the 10m resolution data will also be employed for comparative study and to determine the optimum spatial resolution.
In view of the need to produce a false colour composite image and to compute the Normalized Difference Vegetation Index (NDVI), four channels of data:
channel 2 (0'52 0.60#m: visible green), channel 3 (0'60 0-63tim: visible red), channel 6 (0'76-0'93#m: reflected infrared), and channel 13 (9.60-10.2#m: thermal infrared) were extracted from the six flight lines acquired in the daytime, and one thermal channel (13) from the corresponding six flight lines acquired at night. Channel 13 (9-60-10-2/_m) is the thermal band of choice mainly because after the atmospheric correction and temperature calibration, channel 13 data exhibit the best noise-equivalent temperature change (NEAT) of 0"25°C (i.e., the temperature change across the target that would produce a signal-to-noise ratio of unity in the detector output). According to Wien's Law, the surface temperatures recordable within the waveband limits of channel 13 are from 284 to 301 K. In other words, the waveband limits of channel 13 display the maximum energy per unit wavelength of terrestrial radiation. Image data from the other three channels: channel 2 (0'52 0'60/_m), the green band, channel 3 (0"60-0.63 #m) the red band, and channel 6 (0.76-0.90#m), the reflected infrared band, when displayed through the blue, green, and red guns of the computer monitor respectively as overlays, will produce a false colour composite image (simulating the colour infrared) which emphasizes vegetation vigour. When channel 2 data are displayed in green, channel 6 data are displayed in red, and channel 13, the thermal band, data are displayed in blue, the false colour composite image produced will also pinpoint hot and cool objects distinctly, in addition to indicating the vigor of the vegetation (figure 1). As for the night-time imagery, images can be recorded clearly only in the six thermal bands. A night-time image of channel 13 is shown in figure 2.
The study area
The city of Huntsville, located in north Alabama, is not a typical American city. 1995) . NDVI for the city of Huntsville is therefore computed from the daytime image data using the following formula:
where ch3 is the red band (0'60-0"63/_m) and ch6 is the reflected infrared band (0.76-0-90/_m) of the image data. The NDVIs were computed for each of the land cover polygons extracted from the daytime images.
Results

Day and night contrasts in irradiance
The average irradiance values by land cover types are summarized in 
or conversely:
where Yire or Xi_e and X,dvi or Y.d_i are irradiance and NDV1 for residential land cover respectively.
Similarly, for agricultural uses, the adjusted R 2 value is 0-70 based on 64 polygons.
The linear regression equation is:
Yiaq= 62'87 -13"91 (X.dvi) 14)
or conversely, map of irradiance, one for the day (figure 6) and one for the night (figure 7) , using the 'assign attribute' function of the GIS. Figure 9 .
, , , , , , , , , , , .....  , , , , , , , f , , , , , , , , , , , , , , , , , , , , , , , , , , 3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43  45  47  49 Based on their strong negative correlations, regression equations can be developed to predict the irradiance of the residential and agricultural land cover types from NDVIs. Based on a broad land use/cover map interpreted from aerial photographs, a spatial model of urban heat island for Huntsville has been developed by substituting in the thermal signatures associated with the land cover types. The model suggests that favourable conditions exist in Huntsville for the development of pockets of day night temperature differences either between the city centre and the periphery, or among contrasting land cover types inside the city. The spatial layout of the land use/cover in a city has a great impact on the development of heat islands. Therefore, urban planning can be applied to avert or alleviate the effect of urban heat islands (McPherson 1994) . Finally, the high-resolution thermal infrared image data permit detailed characterization of the highly complex urban land cover types and hence a more realistic assessment of the urban heat island effect. 
